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¢ rhe ﬁ'ﬂ-‘?t‘ and most imporbant step towards success js to belleve
that we can succeed . **

Quan{—um Chemis%

% Emstein's equabion ¢ E=mc?
Planck's equation E=hy

?:r)e-brogh'e ecbmh'an ! hy=mc?
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A= — 2
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5 VS the hlp of # de-booglie shousd Hab micmaipic: periices
shoul wiaue matuse as well as pasticle natuse .
- hen wove makuse is shown by a pasticle , then to descoibe i, we
have a waye equahfm knoun” as SCh&t'bdiﬂaer wave equakion.
this wave equakon is also kRnown as wave ‘fLmd'l'Oh

> Hhe solution
denoted b_td the sambol v,

- Foy ev obsesvable. in classical m™echanics , there s an operator
CoTrespo ‘718 to it in quantum wnechanigs,

ﬂg to QM@% Obse_g‘wable in q_(.( [

% Some opesadors  caswespondi
chemish'a ,

(i) Observable » Position Opestator Finchan

x, v, Z x4 2z H:_u.h‘pw_
Br Y= €F
Ay = xe?
Ay = xe” '
> eigen value.

QQQObef" opesafost s Meaningless without ,@mch'cm,
opestator  always openafes ~ (iorn the Lt side.
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*Qda,’n(m between Kinehe Enelaa Openator and Lineast Momenhurn
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% Total Eneraa Opmaim. Total enepgﬁ opem}w is also knouwn as Hamiltoman

Dpera’!‘OEH A "
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\—4 L = -%J
i S‘LX P §C= fosihan

and we know that;
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P =AY
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"*@iﬁ@{enﬁaﬁcn openaler.

hd Y= By?
and A- d
dx
= ﬁtp :dE'i-Sx_“ se 1D > 5W=(Oxl

W = 324+ 227

fakP*: C%ZB:GJr—_C_l-Qq;’ > 6x+lUx

dx = |0

Hence dift- operalor shows {meast PﬁOP@dbL.

® COMMUTATOR °

Gmmulalor is a ma}hema.ﬁco.f openabion b/w
two operotors.

Repstesentation = [ A, 8]
Operafion = (AB-BR)=®

3F AB-BA=0 > %iven two  operalion wmmules wWith each other .
AB—BA£0 > %iven huo  operafors do mot commmute with each other.

-—>(P&toPQ9’d'ies 0} lommutajor ..

. , W(x) = x>
5 ﬂn.hsgmmeh'lc: Vi gt 2 W)= Y(-z)
and if ; Guven 'func@ IS s(ujmmeh-,'c_
Yx)= =
Y=x) = -%
5 [woo = —vex]

.%iven func@ is anh’sa mmehic

Hence,

[r?l, é] = - &B,ﬂ] 8 position of operatoys mside 4

wmmutator  bstackels g0 i ed
fhen the commutator showse g
antisy mme&uc Pmpem}b‘_
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ip Lineasby = [A, 642] = [f.]+[4.2]

[A+8, ¢+b)= [AL]+[A,D) +[B, &) + €.9)

_Example:
[2+P, Px] = ‘,1 ﬁx] + 1151,61]
@;@is’fsdb.u.ﬁvila
(4,88 [A.B)C + BLAL]
Example ,

‘_'I-“P‘l ,;f.] = [3;2,;(]?;( ¢ I[P’\x;i]

tiv) Comstand Quardila comes out of commudator bracket .
(ah,B) = alA,8]
[_aﬁ,bﬁ]= abiﬁﬁ]
ramger L) = hRA - k(2]
) 8¢ ommukation is 2&0.
(A.A)=0 and [AAT=0
ie any operator Gluiaas commutes  with dsel%
&+ GATE : Find Value of {a%,a%:]
we know Fhal, ]

9"5‘ o
X and [Q,ﬂz_]=0
A= 4

dx?

& [dcic dﬂ Q

b [ Kx, P
g2 42 - o ] _UF,‘BIdz 42 _C_(_]..
\é‘aa;" ? am [dxdx e [a;’dx -

» ‘_K‘x’ Px]= 0



- Two opestafovs  with multiplication openation commutes wudh

each- othen.
g Position — Mulkiplicatiom
PE  — Mulhplicahion.
> w ['K, Vz =0
Fc[:s ';h‘cm\* Musiplicalion .
E_,xl." mhdh@f ﬁ.é CnmmU}QS or not UJ-han H:aq-—i R=%
First, Lot us comsider a {Iunc@ Y .
d d
LoxJus | L yilv
F T _fdxy-xd
{ll, e { Hij;qxjr xdxq)}
[ne-8A) J dx - d
= EERFRETT
= [.p
d « 1
[dx]w=1¢.

SESE

[%,xﬂ]: n?:.n”'J

s*.m.losvﬂ\a :

Henice. [.d.,x] do mot ommutr with

dx. each other .

Resulfs ase similax fo that of diff® but
this is mot the diﬂ@. This is wmmulah ve

operaion.

S Frst derivaive eperador commutes with positon eperator shows
similast Mesults 4o d.LHesnenha_han

s Grnmutatost shows anH 5Y mmehric PrUPef}‘H}
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[4,0]=0 ée any cperator commutakes with constart quarndity

,&e.
[A.4h) =0,

gxample i Solve [, P

[, b ] = [P+ Bl ]
e ‘L‘ﬁ:lp'x- + L%Pi
= 2&1‘&

(e 2=tk
5 [x &) =i hk
[, A 3k

[x, 0] = ik b

(6= =ikt
[P;. ] = =3k P
(o, x)= ~UikPL

£ Revision o} Some formulaes

T T R LR S E N Bt
B [, 2] = CHAm oy [x0 R He™
4. P ] = nik K" g 6" ) _nih M

% Cormmudador of limeann Momentum -

[P, Px] =0 [P, %]=0 .
[Py' Py]zo {Py,Pz_]:O [P' P]=0

[e ,k]=0 [0, P]=0

3 % Limean Momentum and Position Operator.
[P Fnslhdn] = value iSS.LTQ Ex ¢ {Px, x)= -{h.
- N

\{ mdlcc::r:smﬁ But [Px'\,]—_-o }ﬁﬁmr&,d“ecﬁm
same distechan } [fy, £]=0 will give 0.



® Commutador of @Qnamam Homentum - =

® {anaulcm Homendum , Position | 1@3
\/ :r--»a—-a-l {Ooc_kudse}

(positive valus)
same. distechion »@[maﬁs Commute.
Value =0,

(neaaﬁve valus)

Troof -
—_cj (e, 2] = IHPT”B;:(]
- [jpl,xHJ\bx]

= fj["z.ﬂ“’*[f’wx)"" Last page-

3(0)—1(0)
=D

® ‘_ﬁnﬂulast Momentun} Pnsih‘mj

Different disechion , never commuies , alwoys give Some. value .

& L, 3_]: 4 ih2 [Lgaz)e e PRIE &rﬁ

[9-&2_—-:1\'_) (z— 2-—13)

®@ [ﬂﬂgultm Momentum, Limean Hommhm_"

L, o] =0 [l %] = h R
[L’EJ'Pu"]:O [yf] = ke
L f]=0 g B = iﬁ%.

L%, Lﬂ]: - i B

@ [F}ngulast Momentumn @naula.n Hc'menﬁ_unJ
[Lifl—x]:o [Lx,LJ]= o
[Ly. y)=0 [y, L] s
[LI. L‘l]:o [Lz.'-x]= vPiLg
[Lx-Ll]:“".-%Ld



¥ 9 ‘two opetatost ommutes . [A.8]=0 then obsesivable wrresfoﬂfﬂﬂgj
jo these openalos can wmk be measused simuuaneous\j an ﬁ"&.j'
wll violah Ho_isenb@,rg‘s Unceyd'a.[rdla Rule .

B [kE, pe)=0
Hence KE and PE. can be cal culatid S}mu.ﬁ'ane_ousta.

% L.adder Operamgt 2
L+ = Ly & {.La
L-— = Lx o ‘LLd
Similasu
Spin Haising Syp= Sx + 1S
Spin lowen"na 5. & G ’555 ;

Examplj:— (Lg, Lz] = [ L,_+{,LH ; Lz,]
= LLx,Lz] + 1[‘-'1; Ll]
= -{iﬂa + 17hlx

[L+, L'L-J - "‘ﬁ‘.“'ﬁ +QL1:]

RREE o 6]0 e AB-BA=O 2

[n,.8)#0 Non-ommutator .

and l.f QB‘I'BF]:D Qﬂhwmmdning(



* Hemmutian Ope%aioga -
* Condution of Heotruduan -

A

A= opo_rcﬂmr

Y =uwlave fun@
Y¥ = complex Cor}juaah

\ x A . N
jq) AY dT:JLPF]qJ dT

' ks vesty complex o evalualr obove 1 al Rence wie use ohhes
conditiony 1o check whether an opem}oat is hesymikian o nof.

{e-
¥ Hescnukian Ctd\.] olmt q operator A= Operaimr A

A

(A)T= A

where, "
(ﬁ) = Hexxrmiti an a{HoimJ:.
T (dragger) = transpose+ complexcomjugaty = Hermitian adjoint.

-JKPS-‘[OPM’I'QS of Hestrmilan @_cﬁd'gil_&-;_

u

-

(AB)T = gtpT
gy (a+B)= AT+87
iy (a8 = AT-87
Gv) (ﬂﬂ).r = (ﬂT)n
w (aA)T = ax (A)
\S omplex comjugadi of constant:
i) (ﬂT)T - A
(vi) (_d.)T; =8
e dz

(viit) (Pos]l:icm))r: fFogition

(ﬁ)T = 2
G - ¢

(2)F =2



#hlote. € ¥ (A=A Hewmiian

(ﬁ‘)Jr= - A-aNon-Hesimitian
(A)f= B Nti Hermitian

% dhe sum of huo Hesubian  opestator and  diffestence of huo
Hexmiblan opestatoer is also  Heamitian.

’.-@:4:;_ let A and B be two hewnitian opestator such that;
(ﬁ)T: E} and [a)T:ﬁ

- a8 3 (A®)

> | (re8)"= (2B)

* flhe Ps«odud" Oj“i'l.LLD hermitian opestatnn is mat hescidian .
a3t uj:lu be h@'trn'!i.l.aﬂ Onla uthen both j’he OPQrdO) commu.f‘e

Ik, A and B be two Hesmidian openaton,
(aY)=A and (BY)=B

Now,

= @R { hence Produd‘g} two  hestrmiudian
. OPQ_{‘(]_I‘DB‘I s Mot he_cxrmﬂan}
4 wild be hetmiian
i{, AB=B @ iy AB-BA=0
[A8)=0

Hence | hwo hessmidian opestabaons commube with each other
then M Pmduck is also hesmitian atheruise iF won't .

hestmidt an.



() Biove that P is a Hermitian opestatos.
Te (- d\T . s ® 1 d
(B)7= (-th a;) = (-if) a—i—)
- 14 (-d
ey

= -hE 2R

dx

o (Px)T: Px_
Hence Px is a Mesmitian opestaton .

WD Brove that K, is 0 Henmifian opertatos:

- () - (&)

!

am dx*

1 1l
pem— e
Blse 3y
3 I 3 »
\‘-n_.——" \"-u—-’

=

=l
L
IS

& (KX)T: Kx
S Ky is a hexmilian opestatost

6ii) The ommutalor of two hemmidian eperator is anki-hesimikia
 _a i

rens (@™ n and (8-

(a.8)=¥
Bld’; T+ + ee
[4,6] = [e-80) * [A,8)=-[43]
(HB)T'" [Bmf Hence whado
ot g - of two Hemibian

- gtpt—n's operator is antihesumitian
2 —-{ A'e - qu*’
- _{ aB-8A}



% 4 ‘U is attached fo @ Hemitki -
anti festrnikian . N opeaton, dhen Ik Becomes

£ 4) S is attoched to a andibesmitia
nemibian. PG, ey o | Ceamies

% Ahe pstoduct of opestato n g i
Hord j p st A and 1ts Hesmidian a_cyoinl' (s au_uat{s

ie. lﬂ H+J+= (H*)Jr(ﬁ)r
= ApT
s We Rnow thak, 4 (ﬁ)’rzﬂ i) (B)T=B
[ﬂ,B]T-—- Anti Hermitian

i[A.8) = Henmitian.

* %Nen operaim's Aand AT

find (ﬁﬂ*).r
(pAt) = (AT)"AT
= ART
.Fl-ﬂd [ﬂﬁﬁ—ﬂ*fﬂf \ Both are Hestmibian.
(ant + atA)= (a8) - (TR
- (@) At @) lan”

= ppt + A™A



* Eiaen Value Equahion :-
> Eigen Funchion
f
AY =aV¥
) Sy Eiapﬁ Value = Value of obsexvable.

W= — ik d gikx

- (ih) lik) KX
= freR®R
e = ’,%h'eilu'

ELP: ;Qikﬂ hence | sz%k I J[o'r q_),__eikx.

Note -
MNote 4 we aitach a constant  widkh Qn(lj <bllnch'0ﬂ P ejﬂm

value Qb@ﬂﬁﬁﬁ, do mot chcmaes.
Bur 1| we afach cnstant with the operalor then cigen value

do ek chanae,s ,\

A - oax L d

ax A= & W= e A= lood

__E_E‘.-' s d=z dx
& 1 = d eax

J%-cq): aed* a8 = Y= lee g &

igﬂ_eﬂvﬂz=d I = 100ae?™
d rEiaen Value = |00 aJ

o e bR
= a0 iEllSdeue:a




" Efaen value wsmesPoﬂdjng }o Hestmibion oOperatose s Cl(Luaﬂs Sl
x dhe sum of any Fuap deﬂenqrafe @8@n Junchon is also a eigen

funchen.
W W and Wy be two Qjaen —Funchb’ns such H‘ncd;

A¥m= 0¥y Hence me and [p.n aue dggenerah g_oﬁenjm‘:ﬁtm
AYny = aWYn

we openiale the same OPQ‘)‘LCﬂ‘O'r‘ over tuwp diﬁE&tEﬂJ— %Luﬂc.l‘i“: ns and
}ho‘@ 8‘\!9 the same eiqen value then the fundioms osie Rnown

as degm@rq}g ngen ancdions -

Examplf': e W@

W o

Px PU Pz
On prléjing Hamiltonian operalon

‘:{P = E p A .
1::_;:_ and iH&: E,f,
e, - ER ]

N A o ”~
- A (Yt Yn) = AYm + AYn

- C[L[Jer O.q)'n
= GL@m*LP'n)

> dhe sum and diffetence of any two dé,enerabe ej_jan
{runchsm js also a eigen Jéuncém} cammespeﬂdméL fo the

Same openatosn .

3 %he sum and dLL.\Jesftenc,e of any- 3wo nen-degenerate
e:'gqn bJ.lncJ'l'O’T? is mot a eiaen {)uﬂd‘l'oﬂ CW&SpO‘ndihg to the
same operalost.

% Non —deaeneﬁahz cigen funchon m&mesPondina to Hemmutian
opesiaion - ane os«&hoaono.ﬂ.
% L blw ¥mand ¥y =qp°

AWm = aWm
F\L}’m‘ b and wave funce () behaves as vector.
"o S Prn= | Om]|Fn] CosO-

then )'jqjm.%d@-ﬂ Qe B, =DJ
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| * @ﬂalﬁl bjw $uwwo Moﬂgmoﬂs 1S 8iven b(\j-
_ _¥Ym:Yn
| W | Ul

uwmrtp-n dc:o!———‘r Condition of owhOSOﬂaLJg :

Example - Caleulate Kinetic Enesgy fo pasiticle in 1-D Box
| and wx:ESm,ﬂm

*® We Rnow thak,

and

9
sz ——fg—; -

[o—1]



& Sime Wave :-

Sin nnm=0 [TI=D, 1,?,3}{,---]

0 |
Sim @_Sﬂ)_n =k
+1 Wwhen M=tven [c,;}lw.e.._]
X gmT  Sin 51 Sin 9T
S Fal 8.
-1 when m=0dd [1:4.3 5] B Si“?’-g, ‘3"”35”' ) Sm_g"_f
&) Cosime Wawe :-
1

CDS(Q%H)TT =0 {n=0,,3,3- ]

GsnT=1t1 {n=0,,23,--] i

+3 h'JhQﬁ M= eNven
-1 when mn=odd.

& _Some Imposdont Integstations :-
@ js'm'-‘bx dx = _;\x; - Figﬂinldx-
® jCos"bx dx

® (Pmobahih'%_@ﬂd Nostmnali s abiem -

Glwosding to Eindein, drdensity is discecHy proposional
to squaxe  of ampﬁimg{e. {-¢, JH (ﬂj

T (A
. Slm!lmlﬂ, PB‘!ObCLble d@J\S-Hy o \LPI ; \_!]:._ LA Q —fu_r\c.@
-

Volume

Element .

\ Bro bab).h{lj mobable densﬂ-a « \olume Elemenkt ,
v




o= o
0

Fost 1-D Boxw - de=dx

Fosta 2D Box - de =dx

fosn 2D Box & d’C;—dxdﬁdz

Fosn H-adom &

de = H2ds Sinededd . =

jf W= A+ 1B
Y*¥= A- 1B
TIFR

Fow 1-D Box wiakh Linuk [0—1] , wave fu_nc,ﬁor- 1S 8iuen bd,

\l.‘),_n: E 5in 'T_J’_QT_Q'(A'

n= Toranslabional Quantum Nuwrnbes .

qJLZEsm

___...“ S N= i

|

P - 2 gin 3nX n=3
~

ks

X

n=\

N=i3 ——7

r__IEEleEd state
_._____151- E-KCJhad 3 hltﬁ

Ti=2 ’—’T“
fiel. | Ground shate

._

_ Riahl‘
Half 1

[01 LIQ] 0 Lin

Left Quasther| ¢

5]

e [0

‘E‘ddte Half

- = e am m -

L, 2
(’ 3’ 3
T Right
s e ot 7T afjhir‘dj
e [.’EL,LJ
= a1
0 LoooaL L
3 3
3L
y

N




® Calawlokion of @aobaﬁxﬂ%_{,@m 1D Box haung Lomit [o,4]
Ne know thot -or 3D Box [0, 4] g I

- {Q ginnx b b
= /LSm q P= 5 lP*lPd’C= J Esinnﬂ . |? Sin nnix dx
o a ' Q \JQ f_
mn= 1IQ|3 .......
LP‘: J’—%Sinﬂgx Y‘.‘ JSinQb'xdxs % ...L%.bsmﬂbxj
b 2
{D-box : dT=dx p- _Q_J sinnnx dx
9 &
a
L sin & °
P %[—3— m—]-r-r‘sm -j—g—z-'}a Qeneral expression to
: ced eudada chab_LLJa
0% fost 1-D bex with

Qienik [0,4] .




® Nosimalisation*
Condition of Noscmalisahion,

s

Diffestence  bjw pmbabl]ﬂa and Normalisatiom.

p= JEP*LP dfc)

and if @ is a nostmalised wave )g“"CﬁO“?J'hen P%Obabﬂ% Olg
Jgi'ndina the panthide is 007 e L

v =1

enhre space} entire Zimdt.

X How to nosimalise a 8iven {Ilmc@(w) g,

ij*Lp¢1 and  f@¥U=nN.
ﬂj‘ omn appﬂﬁiﬂa comdidion Oi NDS‘ImG_MSCL‘h'Oﬂ we qget a value
say ‘N’ othen than ‘4" then the 8i\ren func®@ ‘@’ is not
nosimoaliced . 9n such cases:

}) Fnd the Mef.iprOCﬂJ of ‘N’R" :"—*J-_;‘_ (known as Nermalisation Constaid) N

iks roo

%) Attach this N¢ fo the given funcion .

3) Qun mao wave ‘F.U'I.C.® is nosmalised.

=3) jq}*kp dz=N.

3 Ne-= JZ_
N

Newt ulane -S-unc@= ka
N

: 1 :
H = =% 1sout m \
ence LlJ N e nostmaQISQd U,,LQUQ ! Chm



i:xl'- Chock  whethest Wx) =% is mommalised o mok.
P k_l,l:'x_ i'ﬂ [DI]]
Foot a wave funchon fo be mostmalised we have,
i JK{JJPLP dfc =]
: ' 3
" xdr = gtde = 2| - 1.
) be “‘o [3 Jo 3
_‘.:‘ Given  wave ,{J&md—;oﬂ is not mostmalised

Nc=j%—=ﬁ

Glbove wave funchon is oust normalised  wawe -{j.u.nd'la‘n

Ex: Check whethest W= 9""?7@7735 m [0,4] is nostmalised s nok

X B 3
jLP Y - j Sm?}%_ xSmﬂE dx

P:__ E‘_Q_ 3,‘nﬁf_ is oust Mesurmalised wiave @u.nd-{m_




* @lvmoﬂe Value Method / Expectation Value:
Tn Guordum mechanics theste ase fwuo to h
of obsetvable Luajs cleulinls. Jow el
() Eisen Value Equahon: df the opestator and the funchion follows
eigen value eq® then we can eas]léj find
Fhe value of obsestvable . e

value O‘[ obggr\{ablﬁ.

= g Fsinmﬁc
i 3

s DB L

BuF 1IF 1s mor mecess that ev i
osatng .
%oLlom eiaen value equaita wibkh a ::?m qrunc_@ M quandum medcharnics

Br UYp= ESm X A= h

Py = ~ih d [Z gin nmx
dx

Se
b ey
ucl
&
E

Herice momendurn operadost does ot

with the qu.u.;® P e eu'Sgn value equakicn
—> Hence -J-ma such cases we use expectati o i
AY4
€ Metheq,

Expectodion Value
Jwrne de

J e J de




Note: Jhe walue of obsesivable  calculated bfj the eigen value mathod
and expectakion value method axe #ame.
Ex; Caleuwakr avc&{a(cje value -fov fhe funchion Y=(x) and =% in [0.,1)
We know that () is a Posih‘o‘n operator .
j:kP"xLlf' do
Juyuryde

<X =

|
J £ 2 X do
. B e
|
jx.xdx
4]

| 47
f X k- N

e @]
S

o

® SChgiodi'ng@& Wave ¥quatien -
Smsnodinaeﬂ wave equakion i the Eigen value eguatien oi

En@‘ﬂ‘d"
Ne Rnoud }hﬂi— %031. Erlma belna ObSEB{UCleQ_ uwle use
HamiMonian opmafam in cLuanhun mechanucs.




o B}

( %V +v>”9a EY
—_____’_,_,_.————-‘—_""‘I
K gy + vy = By —V)
am

Hulhplﬁ QCL@-i bﬁ'_%ﬁm{

J2Y — am vy =4
Y r Y %rgw

Wiqj 3 é)}:% i}t_q;__vq;]:o

DQHJ + -f%—”;(E-v)Lpzo i

_up is the sequisted SModifngm Wave equah'an,

Eq_uoh' on

! <Y + SQ_EEQ(EV)LP:D} modjfl'ed form .[ 7%=£-r]

Hence Schswodimger Ulave ®
; equa® is an ej _
ic hamilfomian and el'gen value_' (s Eniﬁgg value equabiorn utheste  openalos

& EApplication Of Sehoodingen Wave Equation :

1) Toanslational Mokien = PIB Model
2) Electsonic  Molion > Hydogen gtom.

3) \libstakional Motion 7 SHO
4) Rotahional Hohen = Rigid Rotosr.

(T) P18 Model - 3 iz sfudied undu translational Hotion.
Yhoee pasls e studied in ik,

" {D-Box 3D
a-D Box.
pox



V= oo V:{}O _ .
Microscopic pasdicle shows

@ tunneling eHJed‘, given by,

" |

L | _pdanvg | )
v T= e #

Tastide is movinél,

e

l\f: (Dnst'anl;g

Kwhen V: o0

T= c*=0

Hence at infimidz petential
Microscopic posticde can -notshow
}unneb.'ng e%ecb

gﬁﬁ"‘d'}.’g SChBlOdjnaeﬂ Wave Fqualion to find wave funchion fon the
pasticle in 1D Box . [O.L] '

' 2 _ d?
fonn 10 Box; < ey

ﬂppbdi”ng Schotodingen Wave &quakion,

VY + S0 (E-v)y =0

%ﬂ
Fonn 1-DBox =
__C_j_?:_q_? amE E__O']LP:O " Vinsidn:O
d=z? - n* [ :
%% | amE =0
dxﬂ+ H* v
ke, '&mE 2
>

Fﬂm——-w
do’ _

Om 501\11115 W we Se}!

M&n\u +- B(D‘thi-—-ausi‘ng this wave ’vac@and ne(c]lech'ng

other “tie have,

Y= Aelkx +BaR™



Y= ASinkx + BCoskx —— 1)
Bound Cm’tdlhemg-
Elpplying_Boundasy T
W x=0 =0
0= ASIMO + B (ps0°
0= Blos0’ [+ CosD'=1]

> [8=0]

'Pmﬁna i ¥ we have,

V= Aemkx [—

0= ASIiN kY
“ A0 = sinkLl=0
Sinkl= Sin niv

= TUT]
T

Hence oOus wave hbu.nch'an comes oub as,

hEB{Qa mn=1, 2, 3, /SR

L
Transla.hmnaﬂ A uardum Numben .
Valug of M can meuer be zesto ofhenusise Jf(mCOw_Q_q virTah.

0o Oun uLoN e ‘E\_LﬂC® W= RSlﬂT’Irrx is not ﬂDS’]‘maﬂJSQd jhﬁ‘*refmre
wsing condiion of mmmaﬂisa,hon we will nosmalise the b%

81’\;@’1 wave J“.mehcm

= S‘ﬂm.
Y= AS .

I R —

~ | psinmnx ,ASin NOX dx =1
5 Q £

1)

E
HQJ gmlﬁg}_ dx =1

i

Q
2| X LJSI”M] - 1
A ;:T_ ynTv £ b



0n @Plﬁina Limit we have,
1[4 - Losin nk | - 4°{o] =1
& umm L
4w
At -1

Hence oust nosimalised wave ,L;md—im is,

- |2 Sin n1x
[F

Now, e have ass umed ,

K= #_F—&EQE — )
and L TE
QO

Equah‘ﬁg ) and Uy we have,

n’n*_ amk
R

H nrm?

E= 2m 2%

»
= Ahis is the expression for total energy and
T am{? the stesulh is same as that QE K-E: operator
over the same f‘-‘“‘:@

> P{jneh'c Energa 0[* ~

Paticle in 1-DBox

Total Energg of the pasiicle

P
NOLO} E _ 'n)‘n_’%
o= - 2

amil




=Y g £, = 16h”

22 8mi* ( Hence in 1-D Box, the enerrj:j
8:&1 SPadﬂg Tses as the valie
q h? OJ_ _@(anstﬂh'md_o aJJ.C!th_Lm
L 1 h ng PR 4 Numbes incsteases.
5 1
8ml*
N=2 . 4 h?
T 3 h? 2 8my?
Qrmut? :
N=1 B h \
Y ame?
2
* Plot of Y and @*-
(V)
Fo 8310u_nd state, m=1 Foo ‘maximum value,
2 gj SinmX _
W= fom T B

possib\e oml(lj when,
CDmpClWﬂﬁ we haue, T _ T B0 am
—i e B e e
2 a a
i1 A 5 -
2

T

| xX= D‘/Q’ " Hence we wld have maxima ok x=§"

yehen,
nx _ 57
. &
[x= 51| This is mot possible at value of ‘%’ exceeds
boundaxg condidion.
NerwobouAr

Hence theste will be cmﬂa« one Tmaxlma Oj-ayom& atods .

¢ Fosn mmimum valus ;

Sin X _ -4
]

mX_ 3 g M
POSSib]E Uﬂ% thQn3 9 2 i i a MR

Tz ___gz " 9 also exceeds bounda_ug comd® hence,

q minima Mot possible .m around sttt



de + i
ﬂgw Yolue o5 poimts en the 85«1'3}1 wthene wave %Lmd;‘on vanishes,

(e \jm%:q except tngndas»% Eoinfs.

possible © when TX_ 0,77 Qm, 3mUm, ... __ .
when ' = | |
5 Trx
A i

%
o

Both ase boundcxsuﬁ conditiomn.
Hence mo mode s pstesent AN 8.910U.nd Atats

% Graph —Jtmf‘ %'round State

Yy Node =0 ¥ Pinin

0 '0'12 Q . i 91/4 3'inl‘-l-
: 0 Ly 9

Touick to Remembest

oider ojw%\::gph-—i’olaﬁaﬂ; Maxima —» Node — Minima. — Node —sMaxirna— Node

Hini

Value of maxima and modes, = 2 R
an
g {'O’r Lpg_ . 'n=2
Maxima = -%— Node = %—Jr%:% Minima= %f—&—: éL% Node = %—‘?—ivg.:@
bOunda:a
5_!‘-'?@%; =3
ﬂgﬂ = W Ma>d 15& B dar :Q
Masd ma = __62. Node = %ﬁ. Minima= 4 Node T aruma < oun 3
Node=2R
g4/ |\
2 2



Lpa ﬂig

(‘Pj_ Mn=1

Nodes =3

Nodes=Q

Nodes=1

and {oad G} symmetsde {4,149, 0]
anﬁsammelﬂ'c (Y,v,, Lps‘

. W

% Calauwlation oﬁ Qength e£ the box :-

Ne know thal;,

_ mth ., ‘
ol e (KE) (i)
and
" ke=£ and =1
am A
Ke=_P" 1
am‘] )
Equaﬁﬂg (b and )
bt he [
aml*  ama* =

Nodes =0



Hence len the box is h the wavelength ot indegsial multiple
ei hg_LL D’L8 the umvelenﬁi*h G-L‘! &L d j ’ﬁ{ j

;k_\faguahgn ddi Qn’ru_h G‘f 1-D Box :-
D

L 240 0]

0 L : _
kpzzfignlmz -4 L

e 0 | e=agl) s
' h Hence 2 will be steplaced

En= Smﬂ—a bd &R o

M=evep (2,4,6,8.-) Y, = JQ i NI

3,549 L J: "
rCosnﬂx

]q}n__.ﬂcas?ﬂl‘)

¥

n=odd Li

'l 24

. _ m*h? nh*_ |
= =4 E= 2
En® St 22 ml }

M=even _ |2 sin»nTX
\i’%m%}l . ]% ﬁl "
:-Q(;

n=o0dd Y, :J_%Cos %L_x
~ ﬂzhz
{%ﬂ" 8¥ﬂﬂ2

Note + Funclions aste multiplicative in natuste and energy is additive

in matuste.-



@ 2_:D /«BOX :- Nhetne can be fuup JUPGS O]C 2-D Box.
1) P\edonﬂulaﬂ’l Box ESqucme Boxl

. 0 & 00 -
g - b -{Vw&]aﬁcrns alcnag Oigaa .! * a b}
0 < 8 < b x &8 Cl’)ds
' Funchions ase muLﬁF\fcaﬁve in nature and energy is addidive N nawie.
LP'ﬂx"na = Pﬂx.q)'ﬂa, anny = Ll-ln,x
L'P = _Q... Sin T_lﬂ_.x ~ < Sln'nYTT! 111‘3 Fs‘lﬂﬂxmﬁ

Enx‘nﬂ = ET!I - E-n('j e EIT‘Y

K |, n'h?
LI A T . K85 7
tE“""‘d 8ma* _ 8mb?

@ m, and ’nd axe huo quanhm numbens ,
® Concept of degeneraag wild be involved in 2-D squaste box.,

Enx-*nd = Enx

]

'Hbeaenemca_: Shvalib 9105eNCe mone than ene stale al

ene en 4 J.eu Is kno as d%mgracd.

Buantum Numbers - [Ghen stestodchions asie imposed oM a mumbest

ch_wng the soluhon of Sd’]‘éHOdJﬂSQ}{ wave eguakians
Yhe numbers ase Rnouln as  quantum mumbers .

4 Bwanrdum, Value of quantum numbest can Mot be zesto.

S 'Deqene%a%l im 2D Box ;—{qumye]
i

J? :PTQ"' 2 2
E'nx"na T EE— [ﬂ +ﬂ3J Qm; [ﬂ1+ﬂ3]
_lohk* § wa
L) B gy and B Egme 8
8 h* . .
@2 g, ;3 E=gmc ? g=1
T, 'n?- Bhl.

wavetund®s} + = 5P o 9 staes oF samae
(L?_l (2, i) L'Pi.'l and Ll) { f-u 5\ ) eng;aa level gc(l]er’;enemcd

= Uf” Oﬂd E':mi; 8:1 Hence ’ g 2




#Igtich o solve dgﬂmmcbl .

2 |10 B2
_,...E}—Q-TP‘-E-% Egpf- 8 ma®
hz_
** We know that, 2 A Y_ﬂiﬁ”ﬂ?]: i&Om 2
R T B mar .
E= [y
fma*

= n;‘;+n;slol

UT]JU two combmabions N, and M, ase Poss]ble fo‘r above equahan.
m:l “\f:B Gnd 'n1=3 'ﬂ‘i'ﬂ

{-e- (1,3) and (3.) , Hence degeneracg:

' QShz 3 e
Examplg. E?_D: 5 = (dgam on compoummg we have,

N2y = 25
[ty = 5]

Possible ombination - (y,3) and (34)  Hence deaenm%: g=2.

Brompler o 50>
7 9ma2 %1
2 %
on cnmpa.i}dﬂg with , E= S [ﬂx*’”yj

> [nz+m= 50|

Possible Combinakans + (%1) and (4,7 and (55) Hence d%mmﬁﬁ:S:B

Value of quantum vuwmbers
aste  enkio stent Aence callled
acdder&uldﬁde;ﬁe_m%, :



* 6-'D Box. ‘- g€ X<
0<y<a

Ve will considest cubic box O"n(_a_ & gz

HGVQ f’und"lﬁﬂ = Ll)(nx’ ny, ﬂZ) = LP-;-;L' LP‘T\J‘ LPT!Z.

N2NZ
‘-T‘X:n-‘j,’nl "\FSI“%\FS'” Tlﬂ\'\{ 2 Sin (; 7

E.Q%U’ E= En’x+ E'ny +Enz_J

,.n,,hz . ,nzyhz i ﬂ:' hz.

E= St 8ma* ama*
__h* (ks
EZD" Bma’-(nx+ 5+ z.)
.. =P (Ne+15+T5) = Likis (A2
3p 8rma* tl Bma*

% (oncept oj H)%eneracbq.

172ht

LQ!QIQ) LPQ’.Z’.I Gnd E"‘ et ; 8:’1
(3.1.1) (.30 (1,),3) 1lh*
- l LPBH 2 LPB;J L*)IIB Qﬂd - — Sema* 5 8:3
(2,2,1) (2.1,2)  (1,2,2) gh?
L{J,m 4 mei 122 and E= 8ma* ’8 3
6h*
(1L21) (,,9) @) Wi Was W, ond E=gny 2 9=3
(1, 1) - 3h*
S y,, and E= Tl g=1
% Exampe e -9 2 0 -
ap = Bmaz n CDmPa.L%lﬂa U..U.H') En_ ['n -i-ﬂ 1—DLJ
Sma
we have;

e+ Ny +1y = 3

Possible (ombinations = (2,20 (2.,2) (42 Hence g=3

. W ;
Ramplet Bap= 500 o mm’x"m”ﬁ ol
NE+NYy+ 2= 2F
Fossible Cnmbiﬂ@‘a""s: (5,', |) Ul 1,5) (Il 5,1) and (3 a 3)
: i i,
Qccidentgl deaenm%! _



é}—l}@)&o b EJ\L@TO M

* Some dmposdant tesuns ;-

Yolume Element (d) — For 1-D Box = dx
Fost 2D Boz = dzdy
Fon 3D Box = dld(j dx
For Hddm@en Atom = H*dnSinedodd .
Canfesian Coordimates= [x, v, z]

Polost (o-osndinates = [ o , ? , ]
/
[o-ec) [o-m] [o-am)

- e d*  d* 4*
lopaladian operator T°= _(ﬁ:‘"—l.?ﬁ_}:-kd—zz‘
" 2. 1 dy2 i d sine d .
peCin ’E  sEdx d%’i * Segme de de +5' i ap?
Int

. 2 H-atom model was proposed fom Hydsogenic species te. Litt He', ge*"and
so on {-e: s‘mﬁle e® stlsfem- ;

> 3 i sudied under elechromic motion .

*x9n case of PIB mode , patential ener
but in case of Hadawgen alorn it i not
not zexno.

o
nside }he‘ box is zenp

€0 ke pokential energ i

% Jhe soluhen o sd'ls'todinaen wave.
H-aforn whieh consisks of “iuwo d.i.Hest

Nave -fxmdion for H-atom,

- xill A
o, | Piso = RooYiog| 9 fot

equation 8]\1@9 wave %unc® %031

ent PW-C Radial Past
Hﬂguia_st Fost.

W K) depends upow hxbfﬂ
; Kad. uantum num
M=l & 8, Yooeoco Tﬁmmﬁem Qciju_a! ik ! Y (4, m)
1-01423 PL depends upon two
m= 041,22, 43.... Thotee quandum  quantum mumbsers
] numoers, R('ﬂ, ﬂ)

WYen, 2,m)



@Idmﬁj:icaﬁ(m Of_Radial Rant >
ﬂdgno_rtﬂ szpsw.ssicm jom Radial Font s (9.Luen %

Rln -Q' ( J Q & 81‘\/95 VCLIU_Q Df quanj“um number{n

do=Bohst stadius .
\ aives value of quanturn numbest (4),

Example :- L
(-PZ' Ne ao
dhexe is no free g7 term,
7 o.Jo- _
te %93 [L=0 > 15 orbital

g s [n1]
ao ﬂao

Hence 8iven wave funchion is fon is-orbital .

Example:- Yo gy e 3%
k - .
We have ngu ‘o0 , Om mTﬂpa.mxng e 891‘,
9t = 91‘2 and 3t _. X

can ’ndo
% 5. [g]
Qp orbital .
Example » . 55,
Noeaadias W= N(st2a:+1) €

4 above wave -fu.nc@) we will not comsiden s91? jn gwen

'nomla_ﬂ
Olﬁ Fosn the value oj 07 we EHQCLLU.?’LP. %mu .

Hence aacun we have,

91911-.%9:&

d 3s orbitaf
an @2 -3 5 |n=3
30 MNQ,

Bxampler . N[ﬁl- Jezo

Ghgain we do mot- have any free (9 hence

Qs il



® TIdentification of_@}_ngulan Pant- ;
Geneswal Expaession oo Hnﬂ_ulum Fastt is given b(tj‘

Im] =
Y(BJCP) = Siﬂné CDSGQ lmleimq)
(m,ﬂ) ‘) @iVQ.S \fg_fug oj- @
= Gives value of (@) |

Exarmple -
ahad Y(e,0) = NCose

om Compa'mina we 8&1‘, etmtb = B0

2 | m=0
d —m
anc, CO\S@:CDSQI 16 /,Q=J
3 L-Imi=1 Heme\armo.
Example :-

Y(6,9) = NS8ine s ot

On wmpa)&dn& we 8@1,

2 oo
=2 |m=-1
: 5 0-lml=1 3 ’Q—l—”:]‘_
CHenceQ =1 =4
m=-4 1=2
& Radial Nodes Gind @ﬂgUJQB’L Nodes -
Ro.d'ICIJ NOdQS = T]*,Q-i

Fonn +< ovhikal o~

@lnﬁulcm Nodes:,Ql -

| Total Nodes = n—1 e

Radial Node = O

- Q::‘ 0

Radial Node =1 .



E‘)(Qle% v L[J N Q—SH/QO

Nheste aste Fuwo ways to calwlai the sadial mode 6439'1 the.
above uwvaave %u.nch'o-ns.

@ Eq,uah He stadial pcmf =0 and Jcn'nd the value ?JL H.

No- of values off ‘o 5ive no: of nodes present and
value of ‘o’ 8‘;\;@5 the position of node .

= I o lao _ o}_-——u‘)

EQuaﬁon w) will be zexo cmlaii H=0O as €

=5 =00 but Bi-?[DJOO]
Hence this Is boundaxﬁ conddtion and modes asie not present ot

bOunda}‘La .
@ (ompaste the e_qua® widh 50.nem.0 eq@ and bmd values of N and f

._OO:O

- Om cnmpaisdﬂg we get- that theste is no Fotee Sor7.
= ,Q=O and KLY} 9

a:._%_a.o > 10=d

Radial Nodes= m-0-1
= 1-0-1= 0.

Hence we get o know that mo sadiad nodes a« ‘ch,
the above t.u@we uﬁ.unchm? ® poresent

o
Example *- szN(:z—-i‘-)e?&L

Ao

@\Zr;.jm we have tuwo methodcg .
-3
® -2t
# 9-_2.'{_. ..—.O Clnd e

Ao .

Hence 1 mode is present’ and the position of node s gq,
W @ Oon c.ompalmiha We get,

L:OI and 5'51:2

Radiad Node = &—0D—I

"’sﬂﬁﬂnn




% Finding Wave Function for i-s oohitul fon H-atom:
Ne rRNOW IH'LCLt j‘OF H—atom LP{UJQUQ j—unc@} CCJT'lS)‘I_st oi Leiils
P"ﬂs’ vee Radiad fast and @Qngidam past.

Hence,
W,e = Rls0-Y(6,0)
Wis = R(m, 0) Y(m,1)
bor 1s orbital -
=0 =0 and n={

Lpig = R[lf O) V(0,0)

Radiad Pasd for 18
Ne Rnow that Radial past is 8ivqn bd,

N,
Rpng & (&)Q e 'nauJ
na,

For H-otom and 1-s ovbuad,
n=1 1=0 : it

2
axix9\ D 1
X - Tae
Q'n,iﬁ({ --"") T

\’Pf’“’PO-‘”h'O"n g Constant .
e il ffnd e vlue o 4" by vamg. ot of Nomaliabo

Ne know Hhal,
Gondition of Nommalisakion= | $*¢ de=1

FDT H—O.h)m’
d € = *dx 5in6dedg

do =9*d% because we ane wns}demmg

stadial past :
Hence on applyimg  comdition of ol "y

Nosmalisation, we have,

jR’;’O' RI‘O dczi




» » ~stfa,
Now3 Qo = N Ao R’TD: Ne

©
J RID RIO S{Qdﬂ:i
o

[s'8] i , .
J NG ENE M y2 gs =

o]

%)
—99 T,
NQ_JO 2o /admzi | U)

US|‘T'|8 iTL{,'QaS{G_l JDDQ{mLLlO.Q_;

© o - o n!
Jyom &% - (ooq

t above ':TLiregm.Q we hauve, N=2 Of:%

94
a3
N= é—;;{z/ = Normalisation Constant

Hence (Radial Fasdt A{Iosn 1-s orbital is Siven bd’;
| “S{(Qb/

o
Rio = P =

@ an Pt foon ds ovbitml -
@{118”-1 Yor 1s orbital ; (=0 and m=0.

—lo] 1
Y(0,0) & Sin°e Cos O gtoe

Y 1 Note +- Foog ana_‘ s-ovbital uthethes( Is, s, ds, 45

value of Q”ﬁuiﬂm pastt il Be
| Yo =1 il



@{aam Nos«maﬂising anaa.dqsn, pact,
dT = %ds1Sinode df
But j:or o.naulas'l qu'd',

do = simedodd| where 0<O<m
0< < 21T

On nosemalisation we have,

%
J Y Yam dT =d

20 e %
j Y (0,0) Y(0:0) SinG A6 dd=1
0

—ue have finded it easdier,
)
va N+N sin6dod¢ =1

V) 0]
7T

Nljgmedej dp=1

0
Nl[ COSE):] [
Ne |- (s T+ (050°) |27 0] :

NQ[iJ,-j_] Qﬂii

N2 UTT =1
N= ui — Novmalisahion (onstant for (anaulam Faott .
i
Hence,
(‘P{Erl oy R(n,4) Y(&m)
Wy = R (1,0)Y(0,0)
Q _stla |

Lljis - @?{; = X Q_J'_ﬁ

L Lo Lsg™ 3
i




® Significance of m, 4, m:
— #n calewdation  of gnp_f% oL nth ombit of Hadﬂoam and
H&dﬁogm Dike. aJ'D*m.__

En :M eV
mn? J

Ey & 05 2* amlHecdme
.-nl

-Ru 2% | ! Ry= Rydbeg Constant:
-n'l

Eﬂ: *M —J.DUJQ
n*

2 M all the abouev;jomms oi energy sepsesentation W s clean
Jrha‘l.‘ (‘en@,r‘aadlw%owadmogem'c SPQUES- depends upon value of
paimdpal quantum numbes ()

For fafom
—~}3:6 s -2
E-n: = eV N=5 Eg,: _55_‘ = —~0:53¢y
- _ -126 .

‘ Hence {‘OY ol the h(\jdmsenfc n )-{ Eu__. —l-—- = —0.8]| eV

atormns | Specieg, en
- fevel spad
' v Rane =3 s A s LR

em ‘N'na value of 7. 3 7q

9n PIB wmodel energy LQanel

Spacdng used o N

wikh :718 én?, T Ei:-\?;;G = —3\4eV

= "13'6 N iz O 7
‘ E\" T 1346 eV

#* Comcopt of Deﬂe”m%j\;_ n

ﬂ)(’. cnera ::"ﬂz
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dePends o’n{a on 77 jggr Q’{HH

H(j d}toaeﬂ lc sp eclog

.
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MB@ T N=4 d.&aenel"aca = Yerificalion = 1s [ ]
N=8 deememca =2=Y  Verificahon = 2s, 2p

(1] [2I=14]
s Qp

n=13 dagenqraud:f?-:g Verificahian
3s,3p2d» LJLLITTTIT]

3s 3p 2d.

Examples Caleulake degenemcg, losr  H-atomn havimg energy,

= il
P ) E Qb
mpO.L?Uﬂ U-l-L“J,
d En= ‘i‘fz ! for Halom z=1

-RH 'RH 2! . .
e L ] ‘T} - 95| Hence d
— s 3 ce eﬁenemcg s &5,

Example © Calewlale degeneraca for H-atom havi‘na energy,
E= -2:4eVv

on Compcftyﬂﬂg we have,

= “28Zes for Hotom
T

~13-6 _ -3y 3 Hence dedeneracéj is 4,

rnl—

Example &+ Ep, -®  Jfor H-atom , calwlote daaenermat ‘

oot~ 8 = ‘qgﬁﬁoao
Compa@dna uith,
. _—L_{Q s Halom 21
8m o Qo n*
Q- 2
_],,-‘___-:e;-———-—-" hs ____.___e__—-""
mn* BTTE.O Qo FAN o Qo

=g Hence de_geno.ra%j is 9,



* Calaulation of Total Orbital Gingulase Homerdum
Ostbital @%naulcm Homendum,

|y = i

Total Osibital @\‘ngulo.% Momerdtum,

\2= e+ H*
and we know #that,

S8TE - Caleuwlale value of LSE+L§=?

Ll: L; “+ L;Lj o 59 l:z
| 4 Ly = -3
= L) F= mh®

E +1 = [2ler) -]

*?mwmkymﬁSﬁmd%@@fﬁwmmhg;

We Rnow that, .
p= | 9Ty de

.
e

Since wu ane w'nsfdorfﬂa sadial pant cm(g and for s-ovhitals

+e- m=0 , 4=0 and m=1,2,3..---.

P:. J an_ P\.‘tn'q g'{lds'-

\ P J Rng o* don wheste

2 i ‘
Rng 92 = RDF (Radial
Dishibutive {unc@)

~st/a
(@)% T e
. | This emph wull bend more
Rio A Fhan the previous ome.
RID u e
Y ol
a’ii:i. - -
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" R.D-F-Jtur Is= o], = %/e 9

[BeH]

SHPR\L o

Most probable Radius = a,

How to calcutats MPR *
Bd applﬁifng maxima -minima  conddHon , we can bind MPR,

d RDF =g where RDF= M P 2
dR a3
d . 8 "'1'-‘(‘30
A (e
4 4 G2, 2%Mao
_}—i- -1rlq -2rla
a? (5) R0
L —?J'/a
e Rl
Now we have,
‘ i
wL) ——2ffa “ "'E—t-fl O

(boundogl) e
( bouﬂdaﬂy) I Bohr Radius.
Y Hence MPR j‘U‘Y‘ is = Qo .

PUS:
Jcm- /6l
MPp



ss Remermnber 1 wadiad
also p._résr;fd“ at H=2aq. |
% We have caladatzd o easdiin

w) For 2 ovhitald -
Radial fosd; R,,= N{ -
GO

RDF= Ryp H*

1.
QLD
W
5¢—>
MPR
[ 1 Nc”dé \ -
QGD @+/S) GC
(%3_E)ac J}
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7€ Ap s

w) For &p ovbital o

RDF

R H

39

2

R
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qa*  St—>

ction los a given ocsmbital,
a

Note ¢ 3j on _{j;.nde] the wave
oun sadial pankt womes out modeless, then ~ we have

distedt {Tommulae {0.91 Hhe caladation Oj‘ MPR .

_ T*a,
e T2

For H—atom & 2=1
& 1is

2p n-4-1= 2-1-1=0 Node HPR= (2¥a,= Uaq,
MPR.= Lg)lah :900

NPR=(Wa, =I6a,

N-f-1= {-1= 0 Node MPR = Qg

3d mn-{-1= 3-2-1=0 Node
L n-4-1= U-3-1=0ONode



@@vemge Value Results fom H-cdom -

£y =0 <y> =0 £z>=0
o> = Qf[éﬂ’“—lu_ﬁ 7
Z|(2 “5"') {ty= GQG;’ [E‘n 3&(1+1)+1]
1._ Z 2
K50 ="= Lxe &
Pt S R
G Y Clg ﬂs{ﬁ-_i_i_)
# | g
< K‘E-): b i o ~Ze?
oy < PE:> -——-———-qTrEDaQ

Examples- Caledati <> for 1s-orvbidal. Walom,
Z=1 TN=1 =0

= Qo3 = qu+)] _ Ao -
<HD g[gn : ].. &[:{xj ]

<H>= I'bq, o> = 302 | <_L>=_LJ

*¥_Unceadounidy Concept
1) =
ncmi-ain_f.lc.‘j (om)= _r< i = <;>ﬂ
Exam;zlg - Find uncm:fulnﬂgj in s —&091 1s-ovbital in H-atorm
O ~"-J<912>—-<91>2

Ke have o.ls»te.adﬁ codadatid <> and <o>

=] 3a2 - u)

&%:ISQ;"’ %in = (lfl“" Q)Qc

Yy
OA= ],335
u
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P> =0
4 F_g-;-)' = ﬁ
Cll-
.: %Q
<K‘E‘\)-': = —U}
S Erovn D and W)
2
and kg = & _
A

Uncesdruruly im Momerdum,

U

OFe = I} P E> <y

b= [BE_, o
a* o
=
[+
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e — XA rn‘
- M
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0 (O()ﬂ*’
L4 y
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iy Jﬁsmemsedw 0

o]

These i 8-9'(0}1‘0715‘ wildl be
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EmmP,'_{l . Fimd wihethest te wowve -{Iund'fm‘},
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normalised ?
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Jwty de=1
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-
2

do=5*dSinededg
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Hence 8iuQn ulave -f'-unc@

's not Normalised |

normalisation (onstant = E

Hence,

Novmalised Wave Funchm = E_T ¢ " (osb .

Example - Find  Whether wave funchon,
W= e_-HSine is normalised 7

50@ F]Bam we wild fhave.
r 27
Jm e’”g{*dmj smﬁedej dg

0 b

2 Y ar
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@H@Mﬁg Values in case of PIB Model i

Ke know that in PIB ynodel cwgraﬁe values aste caludatg

bd, ) -
CKF = | P72 § dx.
Some Resudls I "
At T N ) <x>:?£_ Grld <12>___::5____5[%E—1
DR = | Qo ol
= LQ_Z——_O:.i_. __.E.? & __J_—_Z_h,_Q_l QZ
3 2anmt 4 3 y "innz

Ax = _Ll_ Q‘z

e /A'xz ﬂjr_dl /
|2 Qn'n‘l
JUT 8'mund stati {e n=41
]Tﬁ’x.: 0 ‘-—l .
) 2 an‘l‘.

Kesulds on Momentum -

2
822D and  <PZ> = Tllg}r
n PIB mode,
T]l hf_
<KE > =
8ml*
and B e _P.xl_
T am
& BE- dmx RS o R
Sm,QL L‘lﬂl

pe= TEh
T L

uncmug m Momentum .
DPX_ :J<PX.3-> ‘-<Px>1

- mnth*
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GaneLe HarmonNTCe  OscziLator

e hone jo tShsLd(j SHO in 3'—P0.9'LI'S,

1-D SHO 2-DSHO

1-D SHO =

W

3-DSHO

He kRnow thak Scheﬂod.iﬂata% equation is Siven by *

VY 4 AMEv]w=0| gnd |V=Lke
_ﬁ.'.l
? dlL'P am _.L 2
—_— +r — E- K =
dx* £ [ a ]lp O
a2y {&mE _ mKe L e
d:r_2+ H* * }QJ
amE — mK
L.Rl' o=z — and F— "—"""2
h* %
Cllw j\ _niyt _ .
2. 4 1y Y=0 W
' ¢ }
so\ui'n :
On Qquihm W, wie have oOust gtﬂaﬁ expnession ,
" U-)_ B ‘}1_ Sl
Wn(g) = __—) =5
m(€) = (=) =] Hm(é) e
M 6HO, s, 1, B )
and :
Note:--
_ even
e { S, D, ever”
o v %
n=1 “a(i):fﬂé.:&ﬁx ®odd
n= & My (3)=u4g-2 = Y=,
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Hence we can steduce eq@jw wave -f!.mc@ as.

BZN an(ﬁ)e_a&z/

n teamns Oj b ?

B
WY,= NHp(me *
o

d
Mn=even n=odd
xeven o © dd

N= Noomalisahion constant

Noua,
SHO in ﬁaound state [sec M=0.

= B l“‘ P2

SD (—ﬁ:) g =

ienin, P :
Lpi = N-?(.@_ E/

Caladahm:

% Ener%___________
‘a.n OE}'tdQS"I {o E_HO.LLLGJ'Q ;H‘LQ engy\ﬂg WQSSL'W B SsHOUA

we uwill use the siedahian,
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B = fard A{m E
i (2n+ ) > Ty - Aan+i
B
_ (anH) (M+1p)
£ A AR » BT AR

:i’ﬂ—l» -L)j_ K and Afwom  specioscopys

D[f-reclueng) = c#—T g,)

| E=(red)ho | g

s is the sequisied expsiession Joo the energy in #D SHO .

&k g
Enm‘% Leves - n=2— £=3hy
R}W i
n vibstational SHO, spacim Nn=2 lﬁz’ E=3h?
bjw energy leve] is constant. sl ; E=2hv
v
N=0 5 E=Lbo

* Nommo.lis'mgﬁi—he rgave —Fundicn:-
Limits  used dxmjma ird'&gﬂaﬁcm L—‘x’ fOO]

Ne will use hfd‘b.a&taﬁd’n OL fhe }ljpg, Note - g: I
MN=0V e N+
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I } Q =3
Vo waid, T 5= 357

O
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Now; wave funchon ~fon SHO is given by,
— px*

kp: Ne 2
We know that conddion @L nosunalisation is 5iven bﬁi

jw*q)d‘cﬂ

(.9 __ﬁ-_;(_"- z2
f Ne ' F e ta dx =1

— 08

00 Rx?
Noj e J gE =i
~po

0O o de"
le () e dx =i
— 00
(omp W@ above de'@ﬁ&(abm wth
_px’ L)
[PanePae - 1o
J 00 F’%"—
KWe have, m=0 (even)
pr
N (I)GQP = |
/ 00 Hence oust Mew wave fund® becomes.
2 [OH |y x*
N [ s o W)= (‘{@) 4-Q- E
Pﬁ““‘lz_
N> £ =1 * Plotti h
P otting freph -

Boundofﬂﬁ Conditions = (—e0 oo)
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-
NL: _fs.
o —0)
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Hence,
max value of WPeo Is at =x=0.

_Now, _px B X"
Prg= Ne 2 and W)= NS 2

> Wx) = P (=)

Hence ave —funcb‘cm W) for SHO at n=0 (amund state)
s a “S(ljmmem'c KWave Funchon ?’.

W »
ALty Px) o sHO ter M=
: |;+\ pt
Y zf&f) BBpjx e =
i 8

at Boundasy [- 00, 0]

X= 00 ar — O

Q_‘OO:D
ﬂ (p, 0O =O|
ot 2=0

“® x=0 is not bounda.%la condition  hence we will ’Pm'\‘e 1 1ode



o
NOLO, X

-2 - P%
Yx)= Nxe =S and qu(—x): —Nxe

Hence,

D0 = — 9]

Hence -fm- n=1 , SHO wld have Rn’risgmmeh[c .i_unchcm_

ek—c-'i.ﬂ@l“ﬁ% All Qraphs :-

Hence, (Genesal ﬁstmuiaefn Nede,

ne

Node=0 Neode=|

/\ e—
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Min =3

\ —

Node =&
v Hin=&

Maz=1

Node =1
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—/\ o
N=0 kPO
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*@V‘maﬂe Volue Resuld .-

& i
i <x»=0 ay <P>=0 i <’C>’['”+é‘)p
I 1 e .
i i~ \n+§)pﬁ ~e L2 =0 and <P»>=0
- —-
~for all values of (n) is SHO

Examgl_ﬂ v Find <> fo'r N=0 in SHO. =
i |
Sol® <x> =0 < Pu? =0 x> = ‘;!7-{3 e = ﬁﬁ

Examp_lg ¢ Calewlate uncm:h]iﬂi% in position in stounc’ state ~or SHO.
S0\@: Q‘mund state 2 N=0.

AN = ) LEP Y L) R

——

)
Ax:\J_é' B & Ax:ﬁ

Jmk

os1d Beghiois

P=%

Example + Calalate unce?d-alru‘.ig m momenfum.
API:‘]<P12>—<R<>2 = ,&Lﬁﬁi—() = \J:g;;%

% Compoousen befuween classical and quantum wmechanical SHO .

— Foom the gmaph Jnom Yvsx and Y vsx , i+ s cleasn Hhat
Pay’d‘idg SPQnd mose Hme at qu (x=0) in the &?ﬂound stafi
becowuse .{Su.nch'cm is maximum ak (x=0).

- Burim dassical SHO, pasiticle spend mmmmum Hme af eqb, X=0.

> #n dassical, KE o PE- can be zen0 hut in quardum nelthes,
KE can be zeno mor PE-

- én dassical SRO pastide have ]Un'uli amplitude  vibsakion bt i

quardum  the Pcurdidg can be 46Dund anat.uheme jcro'm -0 to 4o |

TheseJome  pastticle can also be found” in classical Josbidden steglan and
this phencmenae is Rnown as J'unneﬂima_

—;Tunnelina decreases as value of (1) increases.



Boke's (powtespandance Porimeiple - @f’c %%ﬂm valu@ Of
anim tnechanics approaches fo doss;ca.k

mechanics.

: &

ProbabiUla of Classical

-Findi"nﬂ e® n this Fariiaatn

91&8*‘0'77 is Rnown Q&al‘cm
os funneling.

® -D SHO =

9t is dassified o tuo cohaomfes’

) 9sohopic =
pic @ 2% = Yy=p le 2= rfrequencd do%‘x’ axis .

2)3 jtrequenca TLé?j iﬂ’ axls .
(2) @Fhnisobropic 9 Vx #y -

ot Wave funchions  ane multigi cative i natun
e.

[For Pnisolropic Y
P2 fayls RL
| s & ._ﬁ_ e F‘Q F)/4 € F’;
and [(X'Y) 1) —T'_I:

also for isohoplc



¢ Enengy is additive in najusie,

Eop= K’nw é) hY, + K‘nw%) !ru)(j = kr Anisohopr’.

Fon isohopic »

D-x: pa =),

Eop = K’ﬂx +-3Ll) hy +(m+- £)ho

EQD = (M + "y +£—)—-§)hu

Eap = O+ +1) hD}

% (oncep3— of deaenerggé' .
We Rnow Hhat,
=Nz + Ny +8 1) ho.
Eap = (x + Ty +8 1) ) T
L2) @) 3o (03 Eoypy - :ﬁ we have Energy in form
W) (2,0 (0.2) E=3hy 8=3 B
Then,
M LD:I) E:Orzhv 3'—'Q Sin I
0.0 E= h ﬁ:l deaQnEfCICH .

B 3-D SHO:

These ane also dassified into hwo cafeaomfes,-

() Hﬂisohopfc (2) 5SDhDP1‘Q
°* Functions axe multiplicative In matue.
\ Yoy = Y Vi - Yy J

Bl Bzt [\Ue g2 (Vg pa
Lp(mz):(?) € i g (;F}) %




Fasn isalwopic 3-D SHO :-

0 B myon = (et &) ¢ [l o 1) o

’ E3D = Lnl +’B’17 +0, + %) hD"

¥ CD’Tl(‘,pr Of ((:B%c)(gneraQalz_
Ezp = (Mx + 1y +7, 4 %} ho
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=3 =

(0,0,0 = s

) E=Z2hy gl
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l 9= l%m———%/ ishexe N= Ny +7, +nq
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B e 2
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= 2.z ¥
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o

4] e
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id R *

Rigid swofoot s pstoposed  cosmrespanding fo adudy of scckational
motion crL micioswpic  pasticle - :
r—){‘ixed

Rigid Rotoo =
8 {91 = (Tﬂ] [0 QTTJ

and  Hamiltonian openaton (Energd operator im auandum) fi
IS 8[\!911 b(kj"

" 2
el
QL
Now; .
.
HY alw _
A S L(L+1) 2
My = L;L;Li)kkp =) (7(5: = ‘ﬁfj

Hete we steplace €17 with T~

Uﬂ_ﬂ whme =0, 1,23,

Qo{—ah anal
Auandum Numbes,

. El'('JH k

E;= 33+ -—b——

TF'I
= FOh r = %
E-J' BJUH“I) ere | B T
¥ Concept e{o d%qenqxqud_ "
Jpn= aJ+1
Now, 10R"
ST i
CDmpobdfna with E= Jla+) we have.
a1



10A” TR
s &

B T'+J-20=0

> T"+ 5T —4T-20=0

T (T+5)- u(T+5)=0

(J-u) (T+5)=0

7= 4 and - 5| “ U's%usds’fe(om 0;1:2:8:

Hence, # @

J=4.
c;}eaenes« acfj ;

Sn: Qd+1

Sn: Ay +1

gn=1

* Nostmalisation of Nave Funckion.
Y= N@LmC1JF

TN= 021,29 234, + .

Cm applqjmﬁ cond® of
’ ’ ) 7
Nnestmalisadion  we Plaue,

jkp"‘np dc=1

m -
j Ne™?, ne'™P dip =1
0

;2,8

[ -

o [
Nl[it]jﬁ:l

A N?= 4

N= L o | N= L




Hence nostmalised wave %undim wdl be aiven Lmd,

gl

*Gompasnisem GP Qnema_uj in d-l'.%e}leﬂi' sasj’ems_

)
M; £ = nh* gind ML, 8, Hyvini. .
T 8mi?
H-afown; [ _ w BB X> Grd Aed, B B W os v
-nz
SHO £ (fn+.;iz.)h2) and mn=0,1,2,3, ......

Riaid ROt’UT' E s T('3.+1) -ﬁl Clnd J‘ Of |'J ‘Qaaf e
bl e e - aJ‘

Only stigid 91ofomn  is the systern havm energy (E)=0
d 8 in s «a&)’lOund sjtg'ke @ ¢

fom Rigid Rotors | For Hatorn

N=0 and V#0.
and .
PIS Hodil ingide SHO

x \isual Jheosiem :-

QT= BY

.
T= Kmekc Enesn&ud

V= Potontial Energg
B= Fixed \lalue (Depends upon type of SHSfem).

(1) Foen SHO
B=9.

aT= QN
T=V
7 Kinetic Energy = fofential energy .



fnaf;“i(_]xJ E-*l 63 SHO 1S aivs.m b.fj’

E= l'ﬂ+ i:iT) ho

Now, i @m-"ﬂ,j < iiinelie %”E-“[.ﬂtj + Poterdiad é’ra&ﬁtg'aL
and fer suc.a,[ﬁ_,—: oE
TE = KE+KE
KE= PE= TE
9, -
? | kE= {“E)hv S s E:i)}lﬁ

In case oi H—atom :-

‘FDEE‘? H-adom sy B=-1.
X T= B\
[aT=-v]|® ake=—rPE

E= KE+ PE

1 E= —KE‘ and - PE
| o




